Birds reproduce within electromagnetic fields (EMFs) from transmission lines. Melatonin influences physiologic and behavioral procses that are critical to survival, and melatonin has been equivocally suppressed by EMFs in mammalian species. We xamined whether EMFs affect photophasic plasma melatonin in reproducing adult and fledgling American kestrels (Falco .parveriw), and whether melatonin was correlated with body mass to explain prevously reported results. Captive kestrel pairs were bred under control or EMF conditions for one (short-tenn) or two (long-term) breeding seasons. EMF exposure had an overall effict on plasma melatonin in male kestrels, with plasma levels suppressed at 42 days and elevated at 70 days of EMF exposure.
Birds reproduce within electromagnetic fields (EMFs) from transmission lines. Melatonin influences physiologic and behavioral procses that are critical to survival, and melatonin has been equivocally suppressed by EMFs in mammalian species. We xamined whether EMFs affect photophasic plasma melatonin in reproducing adult and fledgling American kestrels (Falco .parveriw), and whether melatonin was correlated with body mass to explain prevously reported results. Captive kestrel pairs were bred under control or EMF conditions for one (short-tenn) or two (long-term) breeding seasons. EMF exposure had an overall effict on plasma melatonin in male kestrels, with plasma levels suppressed at 42 days and elevated at 70 days of EMF exposure.
The similarity in melatonin levels between EMF males at 42 days and controls at 70 days suggests a seasonal phase-shift of the melatonin profile caused by EMF exposure. Melatonin was also suppressed in long-term fledglings, but not in short-term fledglings or adult females. Melatonin levels in adult males were higher than in adult females, possibly explaining the sexualy dimorphic response to EMFs. Melatonin and body mass were not associated in American kestrels. (1) ; only rats receiving high doses of melatonin were protected from the lethal effects of whole-body irradiation (2) . In birds, melatonin is involved in the regulation of body temperature (3), seasonal metabolism (4), locomotor activity and feeding patterns (5) , and migration (6) . The hormone is associated with plumage color changes (7), which are important for mate selection in birds (8, 9) . Melatonin plays a key role in the growth and development of young birds (10) .
Electromagnetic fields (EMFs) have suppressed the scotoperiod rise of plasma melatonin in some mammalian species (11) (12) (13) , likely because EMFs were perceived as light (14, 15) . Birds, particularly birds of prey, are exposed to EMFs when they use transmission towers for roosting and nesting over extended (e.g., > 3 months) and repeated (e.g., > 3 years) periods (16) . Male American kestrels (Falco sparverius) were heavier and began to molt sooner when exposed to EMFs (17) . Female kestrels laid larger eggs with larger embryos, but hatching success was reduced under EMF conditions (18, 19) .
Female nestling kestrels were heavier and larger in size when exposed to EMFs (20 Kestrel pairs were genetically unrelated. When paired, all adults within each sex were similar in age (2-5 years), size (wing chord) (18) , body mass, and condition (body mass:wing chord index) (17) . Housing and feeding conditions have been described by Fernie and Bird (17) ; each pair was housed in a pen of similar size (0.7 x 0.7 x 1.2 m). Approximately 1.1 mL blood per bird was drawn from the jugular vein into a 1-mL heparinized syringe with a 27-gauge needle, then kept on ice and centrifuged (10 min, 16 ,000 x g) within 2 hr. Plasma was stored at -200C until further analysis. Sampling of male kestrels occurred between 0800 and 1100 before morning feeding at 14, 42, and 70 days after pairing. Blood samples were collected between 1300 and 1500 from females at 70 days after pairing and from 35-day-old fledglings. Serum was analyzed for melatonin by the double antibody radioimmunoassay (25) . The intra-and interassay coefficients of variation were 9.2 and 17.1 %, respectively, which is typical of this assay (26, 27) .
Statistical analyses were conducted using SAS software (28) and performed separately by sex, age (adult, fledgling), and length of exposure period (short-term, long-term). Melatonin concentrations in short-and long-term EMF males at 42 days were similar to those of respective controls at 70 days (t-tests, all p-values > 0.05) (Figure 1) .
Melatonin data for adult female American kestrels were pooled because there were no differences relating to age or laying status (two-way ANOVAs, all p-values > 0.05). Short-and long-term EMF exposure had no effect on To the best of our knowledge, this study is the first to examine EMF effects on melatonin in an avian species. Furthermore, our data likely represent the first melatonin profiles for a diurnal raptor species. Annual melatonin profiles have been reported for the nocturnal Indian spotted owlet (Athene brama) (27) . The (27) , Japanese quail (Coturnix coturnix japonica) (30) , and chickens (31, 32) . EMF exposure affected plasma melatonin in adult male kestrels, suppressing it midway through, and elevating it at the end of the breeding season. Long-term, but not short-term, EMF exposure of adults suppressed plasma melatonin in their fledglings. EMF exposure had no effect on plasma melatonin in adult females.
We obtained blood samples during the photophase to avoid exposing the birds to light during the scotophase. Nocturnal melatonin levels of domestic and wild birds are rapidly suppressed in < 15 min by light (33, 34) and only gradually recover (31, 34, 35) . Consequently, nocturnal blood sampling of kestrels using lights would have confounded potential EMF effects. Furthermore, by blood-sampling reproducing kestrels during the photophase, as opposed to the scotophase, we avoided disturbing hormonal patterns related to egg laying, possible reabsorption or breakage of eggs, cannibalism ofeggs and young, and injury to the adults.
The timing of our blood sampling suggests that EMFs influenced melatonin levels. We cannot determine if a phase-shift occurred from our sampling design. Light for 12 or 80 min during the scotophase reduced melatonin levels to near daytime levels in pigeons (33) . Control and EMF kestrels were blood-sampled 4-8 hr after lights-on, when plasma melatonin fluctuations in other birds are minimal (30, 31) . Furthermore, feeding, light, noise, and vibrations, which can act as Volume 107, Number 1 1, November 1999 * Environmental Health Perspectiveszeitgebers (36, 37) , were controlled during the experiment. Feeding, conducted at the same time daily, was alternately started in the control or EMF rooms. Light intensity, noise, and vibrations were similar between the two rooms and were similar when EMFs were on or off. The seasonal melatonin pattern of male kestrels was altered by EMF exposure. Under EMF conditions, melatonin immediately and rapidly declined, reaching a seasonal low at midseason (42 days), then was elevated at the end of the season (70 days). In addition, the 42-day levels of EMF males were similar to those of control males at the end of the season. It is likely that the pattern is a seasonal phase-shift in the melatonin profile of the breeding season, and indicates that EMFs may be detected as light (14, 15) by the birds. Birds see in ranges of the light spectrum that are invisible to humans (38) ; kestrels use ultraviolet light for hunting (39) . Photoperiod and melatonin rhythms are closely correlated in birds (32, 40) , with longer photoperiods advancing photorefractoriness and molt (41, 42) . EMF exposure altered the birds' response to the photoperiod, i.e., the birds responded as if it was a longer photoperiod. Consequently, the EMF males became photorefractory by 42 days and began to molt in advance of the controls (17) .
Melatonin is associated with increased body mass in hamsters and chickens (10, 21) but not in young Japanese quail (4). The results for the kestrel fledglings are consistent with the lack of association in young quail, but do not explain the increased body mass of EMF nestling females (20) . The EMF male kestrels were heavier than controls at the end of the season, but this was not a function of increased food intake induced by EMF exposure (17) . Plasma melatonin and body mass were not correlated at any time period in the reproductive season.
The higher melatonin levels of adult male kestrels as compared to female kestrels, also seen in the raptorial Indian spotted owlet (27) , may partially explain the sexually dimorphic response of kestrels to EMF exposure. EMF effects on body mass in adults were only observed in male kestrels (17) and male gerbils (Meriones unguiculatus) (43) . This sexually dimorphic response may indicate that reproducing adult male birds are more sensitive than females to environmental factors (44) (11) (12) (13) 45) .
It is likely that the results of this study are relevant to wild raptor populations that reproduce under EMF conditions because EMF levels and exposure times used in this study are similar to that experienced by wild kestrels (18, 22 
